Peptidoglycan hydrolase, LytF (CwlE), was determined to be identical to YhdD (deduced cell wall binding protein) by zymography after insertional inactivation of the yhdD gene. YhdD exhibits high sequence similarity with CwlF (PapQ, LytE) and p60 of Listeria monocytogenes. The N-terminal region of YhdD has a signal sequence followed by five tandem repeated regions containing polyserine residues. The C-terminal region corresponds to the catalytic domain, because a truncated protein without the N-terminal region retained cell wall hydrolase activity. The histidine-tagged LytF protein produced in Escherichia coli cells hydrolyzed the linkage of D-␥-glutamyl-meso-diaminopimelic acid in murein peptides, indicating that it is a D,L-endopeptidase. Northern hybridization and primer extension analyses indicated that the lytF gene was transcribed by E D RNA polymerase. Disruption of lytF led to slightly filamentous cells, and a lytF cwlF double mutant exhibited extraordinary microfiber formation, which is similar to the cell morphology of the cwlF sigD mutant.
Bacillus subtilis produces peptidoglycan hydrolases, some of which are autolysins (34, 38) . Two vegetative autolysins, a major 50-kDa N-acetylmuramoyl-L-alanine amidase (amidase, CwlB [LytC] ) and a 90-kDa endo-␤-N-acetylglucosaminidase (glucosaminidase, CwlG [LytD]), have been studied at the molecular level (20, 24, 26, 31) . Recently, two minor autolysins produced during vegetative growth were reported (32) . CwlF is a 35-kDa protein, and its production is unaffected by the sigma D and flaD1 (sinR) mutations. The other one, CwlE (LytF), is a 50-kDa protein, and it is not produced by the sigD null mutant. CwlE (LytF) overlapped CwlB in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (32) . Very recently, it was reported that CwlF is identical to PapQ and LytE (13, 28) . The cells of the cwlF-deficient mutant were about twice as long as those of the wild-type strain, and the cwlF sigD double-mutant cells exhibited extraordinary microfiber formation (13) . B. subtilis genome-sequencing analysis indicated the existence of many paralogs of cell wall hydrolases (17) . One large group among the paralogs includes the cell wall-lytic enzyme, p60, of Listeria monocytogenes (4, 16) , CwlF (PapQ, LytE), and YhdD.
In this study, we identified yhdD as a new peptidoglycan hydrolase gene, cwlE (lytF), expressed during the vegetative growth phase, characterized the gene expression, and determined the role of cell separation in B. subtilis. Moreover, we report that CwlE (LytF) is an endopeptidase which digests the linkage of D-␥-glutamyl-meso-diaminopimelic acid in muramic acid peptides.
(Preliminary data were presented at the International Conference on Bacilli, Japan [Osaka, Japan, 12 to 15 July 1998 ]. After the submission of this paper, Margot et al. [27] published the function of YhdD and designated the gene lytF.) pQECEtCTD, were used for the production of H-LytF (134 amino acids, including a 12-histidine-tagged amino acid sequence; M r , 14,616).
Mutant construction. To construct isogenic strains, DNAs from B. subtilis 327SD1 (32) and 327SDC (33) were used for the transformation of B. subtilis 168; the resultant strains, 168SD1 and 168SDC, were selected with tetracycline and chloramphenicol, respectively. B. subtilis EN8 was also constructed through the transformation of B. subtilis 168 with B. subtilis AN8 DNA. For the construction of cwlF and cwlF sigD mutants, B. subtilis 168 and 168SDC were transformed with ScaI-digested pUCFTET DNA and transformants (FTD and FTDSDC) were selected with tetracycline. To obtain a lytF mutant, B. subtilis 168 was transformed with pM2-HDD DNA and a transformant (ED) was selected with erythromycin. To obtain a lytF cwlF mutant, B. subtilis FTD was transformed with B. subtilis ED DNA and a transformant (FED) was selected with erythromycin. To obtain a lytF cwlB mutant, B. subtilis ED was transformed with B. subtilis AN8 DNA and a transformant (BED) was selected with chloramphenicol. All of the mutants constructed in this study were confirmed to be properly constructed by PCR or Southern blot analysis.
Transformation of E. coli and B. subtilis. E. coli transformation was performed as described by Sambrook et al. (35) , and B. subtilis transformation was performed by the competent cell method (1) .
Preparation of cell wall binding proteins. To prepare cell wall binding proteins, B. subtilis 168, EN8, and BED cells were cultured in modified Spizizen medium (32) at 37°C to an optical density at 600 nm (OD 600 ) of 1.5 to 1.8. Then cultures (40 ml each) were centrifuged at 8,000 ϫ g for 5 min at 4°C, and the cells were resuspended in distilled water, followed by the addition of SDS-PAGE sample buffer as described previously (32) . The cell suspensions were then boiled for 5 min at 100°C, and the cells were removed by centrifugation. The supernatants were used as SDS-extracted samples (extract S).
Preparation of cell walls. B. subtilis 168S and Micrococcus luteus ATCC 4698 cell walls were prepared as described previously (18) . For determination of the cleavage site of the enzyme, the partially purified B. subtilis cell walls were incubated in a 10% trichloroacetic acid solution at 4°C for 2 days. After a washing with deionized water, the cell walls were suspended in 0.1 M Tris-HCl (pH 7.5) containing ␣-amylase (0.1 mg/ml) and were then incubated at 37°C for 2 h. Then CaCl 2 and trypsin were added to final concentrations of 10 mM and 0.1 mg/ml, respectively, followed by incubation at 37°C for 16 h. After the enzymatic reactions, SDS (final concentration, 1%) was added to the solution, followed by boiling for 15 min. After centrifugation, the purified cell wall peptidoglycan was washed with deionized water and 0.1 M EDTA and then with ultrapure water.
Zymography. Zymography was performed essentially as described previously (9, 25, 32) , using an SDS-polyacrylamide (12 or 10%) gel (23) containing 0.1% (wt/vol) B. subtilis and M. luteus cell walls.
Production of H-LytF in E. coli. E. coli M15(pREP4, pQECEtCTD) was cultured in LB medium containing ampicillin, kanamycin, and 2% glucose at 37°C. When cell growth reached an OD 600 of 0.7 to 0.9, isopropyl-␤-D-thiogalactopyranoside (IPTG; final concentration, 2 mM) was added to the culture. After a 30-min incubation, the cells were harvested by centrifugation and resuspended in a 10 mM imidazole NPB solution (10 mM imidazole and 0.5 M NaCl in 20 mM sodium phosphate buffer [pH 7.4]). After ultrasonication, the suspension was centrifuged and the supernatant was filtered through a 0.45-m-poresize membrane filter (Nalgene), followed by loading onto a HiTrap chelating column (1 ml of resin; Pharmacia). Then the column was washed with 20 ml of the above-described buffer, and H-LytF was eluted with 10 ml each of 60, 100, 150, 200, 250, 300, and 500 mM imidazole NPB solutions. Imidazole in the enzyme solutions was removed with a HiTrap desalting kit (Pharmacia).
Effect of pH on enzyme activity. For determination of the optimal pH of the cell wall hydrolase activity of H-LytF, the following buffers (20 mM) containing 100 mM KCl and B. subtilis cell wall (10 mg/ml) were used: citrate buffer for pHs 3.0, 4.0, 5.0, and 5.5; Good's buffer for pHs 5.5, 6.0, 6.5, 7.5, 8.5, 9.5, and 10.5; and phosphate buffer for pHs 10.5, 11.5, and 12.5. Purified H-LytF was added to the buffers to a final concentration of 10 g per ml, followed by incubation at 37°C, and the decrease in OD 540 was measured with a Shimadzu UV-1200 spectrometer. One unit of enzyme was defined as the amount of enzyme necessary to decrease the OD 540 by 0.001 in 1 min.
Determination of the cleavage site of cell wall peptidoglycan. To determine the cleavage site of the H-LytF protein, B. subtilis cell wall peptidoglycan (3.3 mg) and the purified H-LytF protein (30 g) were added to 10 ml of Good's buffer (20 mM MES [morpholinoethanesulfonic acid], pH 6.5) containing 100 mM KCl. After enzymatic reaction at 37°C for 0, 10, 20, or 60 min, 1.5-ml samples were boiled at 100°C for 10 min. After centrifugation, the supernatants (released fractions) were filtered through a membrane filter (0.45 m pore size). Northern blot and primer extension analyses. B. subtilis 168 and 168SD1 (OD 600 of 15 to 20) cells cultured in Schaeffer medium were harvested at various times. RNA was prepared as described previously (14) . Agarose-formaldehyde gel electrophoresis was performed as described by Sambrook et al. (35) , and the transfer of the RNAs onto a nylon membrane was performed as described previously (14) . The DNA fragment used for preparing an RNA probe was amplified by PCR with PM-FK (5Ј-CGGGGTACCG Ϫ113 TGTGGAATTGTGAG CG Ϫ97 ; the pMUTIN2 sequence is italicized, the numbering is with respect to the first G of the translational start codon of lacZ, and the KpnI site is underlined) and PM-T7 (5Ј-TAATACGACTCACTATATA Ϫ36 GTGTATCAACAAG CTGG Ϫ53 ; the sequence complementary to the pMUTIN2 sequence is italicized, and the T7 promoter is underlined) as primers and with pM2-HDD DNA, containing the internal region of lytF, as a template. The amplified fragment was digested with HindIII, and then the fragments were purified by phenol-chloroform treatment, followed by precipitation with ethanol. The RNA probe was prepared with a digoxigenin RNA labeling kit (Boehringer Mannheim), and Northern (RNA) hybridization was performed according to the manufacturer's instructions. Primer extension analysis was performed as described previously (14) , using primer PEX-HDD (5Ј-GACCTTAATCGTTGCTGC; the 5Ј and 3Ј ends correspond to the complementary nucleotides at positions 93 and 76 with respect to the 5Ј end of the lytF gene).
Microscopic observation and determination of cell density. Cells were shake cultured at 120 strokes per min in test tubes (17-mm diameter) containing 5 ml of LB medium at 37°C. The cell morphology was observed by phase-contrast microscopy. The OD 600 was measured after strong vortexing of samples. In the case of sigD cwlF and lytF cwlF mutants, a small amount of lysozyme was added to the samples just before vortexing.
RESULTS AND DISCUSSION
The B. subtilis genome project has revealed the existence of many cell wall hydrolase homologs. Since there was a possibility that LytF (CwlE) corresponds to one of the homologs, we selected three candidates, i. (17, 37) . Among these candidates, complete loss of RNA expression by the sigD mutation was observed only for the yhdD gene on the Northern blot analysis with the internal region of yhdD as a probe (Fig. 1) .
Identity of LytF (CwlE) to the yhdD gene product. Zymography of cell wall extract (extract S) proteins from the 168 (wild type), EN8 (cwlB), and BED (cwlB lytF) strains was carried out, and the results are shown in Fig. 2 . The 50-kDa protein, having cell wall hydrolase activity, was present in smaller amounts in the EN8 strain (Fig. 2, lane 2) and was completely lacking in the BED strain (lane 3). Since CwlB is a 50-kDa protein, the activity band at 50 kDa in lane 2 corresponds to the activity of LytF, and disruption of the yhdD gene led to the loss of LytF activity. These results indicate that YhdD is identical to LytF.
Amino acid sequence similarity of LytF (YhdD, CwlE) with other proteins. The lytF (yhdD, cwlE) gene encodes a 488-amino-acid polypeptide with a molecular mass of 51,397 Da (17) . LytF has three positively charged amino acids, K 2 , K 3 , and K 4 , in the N-terminal region, followed by a hydrophobic core (from L 5 to G 16 ) and a deduced signal peptidase cleavage site (A 24 EA2A 27 ; the arrow indicates the cleavage site). LytF also contains five tandem repeated regions with five polyserine regions and a C-terminal domain. The C-terminal domain, consisting of 118 amino acid residues, exhibits 67.0 and 45.2% identities over 115 amino acids with those of CwlF (13, 28) and the p60 protein (Iap) of L. monocytogenes (16, 43) , respectively. The C-terminal region of LytF also exhibits high se -FIG. 2 . Zymography of proteins from B. subtilis 168, EN8 (cwlB), and BED (cwlB yhdD) cells. Electrophoresis was performed in an SDS-10% polyacrylamide gel containing 0.1% (wt/vol) B. subtilis cell wall as a substrate. Samples were prepared and subjected to zymography as described in Materials and Methods. Equal amounts of proteins (equivalent to 10 OD 600 units of cells) were applied to the lanes. Lane M contained the protein standards (Bio-Rad), the molecular masses of which are shown on the left. Lanes 1 to 3, extracts S of the 168, EN8, and BED strains, respectively.
FIG. 3. SDS-12% PAGE and zymography of proteins produced by E. coli
M15 harboring a lacI plasmid, pREP4, and pQECEtCTD containing H-lytF. Lanes M and 1 to 3, SDS-PAGE; lanes 4 to 6, zymography. M, protein standards; lanes 1 and 4, cell lysate without induction; lanes 2 and 5, cell lysate with a 30-min induction; lanes 3 and 6, purified protein after HiTrap column chromatography. Proteins equivalent to 0.2 OD 660 unit of cells were applied to lanes 1, 2, 4, and 5. The purified protein (2 g) was applied to lanes 3 and 6.
FIG. 4.
Time course of the hydrolyzed compounds released from peptidoglycan with the H-LytF enzyme. The time course of the absorbance of peptidoglycan on H-LytF digestion is also shown. After 0-, 10-, 20-, and 60-min digestions of peptidoglycan, the reaction mixtures were centrifuged, and the amino groups of the released peptides and/or mucopeptides in the supernatants were labeled with 1-fluoro-2,4-dinitrobenzene. The labeled compounds were hydrolyzed with a high concentration of HCl, followed by separation by reverse-phase HPLC. Only the amounts of DNP derivatives of diaminopimelic acid were considerably increased during incubation. s, cell wall turbidity; ‚, mono-dinitrophenyl diaminopimelic acid; E, bis-dinitrophenyl diaminopimelic acid.
quence similarity with the C-terminal regions of p60s from different Listeria species (4). E. coli NlpC and Haemophilus influenzae NlpC also exhibit high sequence similarities (35.8 and 33.9% identities over 123 and 115 amino acid residues, respectively) with the C-terminal domain of LytF (8, 15) . Moreover, Bacillus sphaericus endopeptidase, EnpII, exhibits high sequence similarity (32.0% identity over 103 amino acids) with the C-terminal region of LytF (12) . On the other hand, the repeated sequence in the N-terminal region of LytF exhibits similarity with the repeated sequences in the C-terminal regions of Lactococcus lactis muramidase AcmA (5), Streptococcus faecalis autolysin (2), and Enterococcus hirae muramidase-2 (7). These three cell wall hydrolases contain regions showing high sequence similarities in their N termini, which encompass the active-site regions (5) . The amino acid sequence of LytF indicates that it is the second example of a novel type of peptidoglycan hydrolase (probably endopeptidase) in B. subtilis.
Alignment of the amino acid sequences of LytF paralogs in B. subtilis indicated that the amino acid sequence of paralog YojL is entirely the same as those of LytF and CwlF and that the sequences of the four paralogs (YddH, YvcE, YkfC, and YwtD) are similar to the C-terminal catalytic domain of LytF (27, 29) .
Production of the histidine-tagged catalytic domain of LytF in E. coli. When we constructed a histidine-tagged fusion with CwlF, E. coli cells harboring a plasmid containing the gene were dramatically lysed, and thus it was difficult to produce a significant amount of the protein (29) . Moreover, the purified CwlF easily aggregated during preservation, but the truncated form, which lacked the N-terminal cell wall binding domain, did not aggregate under such conditions (29) . Therefore, we prepared the catalytic domain of LytF fused with the histidinetagged sequence (H-LytF). A considerable amount of H-LytF was produced in E. coli cells after a 30-min induction with IPTG (Fig. 3) . The protein was purified on a nickel column, and the purified protein showed a single band in SDS-PAGE, corresponding to the cell wall hydrolyzing band observed by zymography (Fig. 3) . The size of 14.5 kDa corresponds with that calculated from the amino acid sequence (M r , 14,616). The optimal pH of the enzyme activity specific for B. subtilis cell wall was 6.5, and the specific activity was 1,560 U/mg of protein. Although H-LytF is a histidine-tagged truncated enzyme, this specific activity was comparable with those of CwlA (19) and CwlB (1,460 U/mg of protein) (20) but was much less than that of CwlG (26,000 U/mg of protein) (31) . H-CwlF poorly digested M. luteus cell wall under conditions that were optimal for B. subtilis cell wall digestion. Among B. subtilis cell wall hydrolases, CwlA and CwlG (LytD) were able to digest M. luteus cell wall (21, 30) , but CwlB (LytC) (30) did not digest M. luteus cell wall. Therefore, the poor activity of H-LytF for M. luteus cell wall is not a rare case, although the N-terminal region of LytF may affect the activity for M. luteus cell wall. Determination of the peptidoglycan cleavage site of H-LytF. The purified peptidoglycan from B. subtilis cell wall was digested with H-LytF, but an increase in free reducing groups derived from peptidoglycan was not observed, thus indicating that the enzyme is neither an endo-N-acetylglucosaminidase nor an endo-N-acetylmuramidase. Moreover, the enzyme was not an N-acetylmuramoyl-L-alanine amidase (29) , as determined by the method of Ghuysen et al. (10, 20) . Since LytF exhibits high amino acid sequence similarity with B. sphaericus D-␥-glutamyl-meso-diaminopimelic acid endopeptidase II, free amino groups of the released compounds (supernatant fraction) derived from peptidoglycan after enzyme digestion were labeled with 1-fluoro-2,4-dinitrobenzene, followed by hydrolysis with 4 M HCl. The DNP-labeled and hydrolyzed compounds were separated by HPLC as described in Materials and Methods. After a 60-min digestion, the cell wall density was reduced by 57% and the amounts of mono-DNP-diaminopimelic acid and bis-DNP-diaminopimelic acid increased (Fig. 4) . If the enzyme is assumed to be an endopeptidase which digests the D-alanine-meso-diaminopimelic acid crosslinkage, then only mono-DNP-diaminopimelic acid should be detected. However, both mono-and bis-DNP-diaminopimelic acid were formed, thus suggesting that the enzyme is a D-␥-glutamyl-meso-diaminopimelic acid endopeptidase.
Determination of the size and the 5 end of lytF RNA. Northern blot analysis of RNAs from the wild type also showed that one transcription band hybridized to a probe containing the internal region of the lytF gene (Fig. 1) . This transcript, estimated to be approximately 1.5 kb, was detected at t Ϫ2 to t 0 , but not after t 1.5 . Since yhdD comprises 1,464 bp, it was expressed as a monocistronic operon, and this result was supported by the existence of two deduced rho-independent terminators (⌬G ϭ Ϫ15.3 and Ϫ10.8 kcal/mol) just upstream and downstream of yhdD (lytF, cwlE) (17) .
Primer extension analysis was performed with an oligonucleotide primer (PEX-HDD) that is complementary to the 5Ј region of lytF (Fig. 5) . A strong transcriptional signal starting at G Ϫ44 (the nucleotide being numbered with respect to the translational start point [ϩ1] of lytF) was observed with RNA from the wild-type cells at t Ϫ1 (Fig. 5A, lane 7) , t Ϫ0.5 (lane 8), and t 0 (lane 9). A weak signal starting at A Ϫ29 was also observed at t Ϫ1 (lane 7) and t Ϫ0.5 (lane 8), but no signals were detected for the sigD-deficient mutant. When we used a different primer for the primer extension analysis, the weak signal was not found, thus suggesting that it is a misannealing one. From the similarities in the length and the timing of the appearance of the transcript, the strong primer extension product seemed to correspond to the 5Ј end of the 1.5-kb RNA. The Ϫ35 region (AAAA) and the Ϫ10 region (GCCGATAT), with a spacing of 15 bp, were almost identical to those of the D consensus sequence (TAAA for the Ϫ35 region and GCCGA TAT for the Ϫ10 region, with a spacing of 15 bp) (Fig. 5B ) (11) .
Cell morphology of the lytF and lytF cwlF disruptants. B. subtilis mutant cells which have deficiencies in the major autolysin gene (cwlB) and/or the glucosaminidase gene (cwlG) are rod shaped, while the sigD mutant forms filamentous cells, especially during exponential growth (20, 30, 32) . Both autolysin genes are mainly transcribed by E D RNA polymerase (22, 24, 26, 31) . These results suggest that an unknown gene regulated by SigD is important for cell morphology. Moreover, we reported that cwlF mutant cells were only twice as long as wild-type ones but that cwlF sigD mutant cells showed extraordinarily dense microfiber formation and looked like cotton waste in a transparent culture (13) . Since lytF is regulated by SigD, we compared the cell morphology among six strains, including the lytF, lytF cwlF, sigD, and cwlF sigD mutants. The lytF mutant cells were approximately 4.6 and 3.4 times longer than the wild-type and cwlF mutant cells, respectively (41.1 Ϯ 25.7 m for ED, 8.9 Ϯ 3.8 m for 168, and 12.1 Ϯ 5.8 m for FTD) (Fig. 6) . The lytF cwlF mutant (FED) cells showed extraordinarily dense fiber formation and looked like cotton waste, like the cwlF sigD (FTDSDC) cells (Fig. 6 ). These results indicate that the effect of the sigD deficiency depends mainly on the effect of the lytF deficiency. However, the morphological difference between ED and 168SDC was still present, because the filamentation of the ED strain was not as great as that of 168SDC (Fig. 6) . Therefore, other autolysins regulated by SigD may still have minor effects on cell separation. Although LytF (CwlE) and CwlF mainly play roles in cell separation, LytF and CwlF in combination with other cell wall hydrolases are still important for cell separation in B. subtilis. Cell wall hydrolases AcmA, p60, and Atl are involved in the cell separation of L. lactis, L. monocytogenes, and Staphylococcus aureus, respectively (5, 43, 44) . Atl is a bifunctional protein which has an amidase domain and a glucosaminidase domain, and it undergoes proteolytic processing into two extracellular cell wall hydrolases (amidase and glucosaminidase). These enzymes synergistically act on cell separation (40). Blackman and colleagues and Smith and colleagues reported that the cwlB (lytC) sigD double mutant and the cwlB cwlG (lytD) sigD triple mutant formed typical long chains and that the cwlB cwlG mutant also formed long chains (3, 39) . But our results, obtained under the conditions used in this study, indicated that the cwlB cwlG mutant does not form long chains (Fig. 6) . The difference is probably due to the culture conditions, because those researchers used very gentle shaking (35 or 45 rpm) for the culture (3, 39) .
Genome sequencing of the B. subtilis chromosome indicated seven p60 paralogs, including LytF (CwlE) and CwlF. Therefore, research on the combinations of cell wall peptidases will definitely reveal their cellular functions. Moreover, the use of combinations of other types of cell wall hydrolases (amidase, D,D-endopeptidase, glucosaminidase, muramidase, and lytic transglycosylase) will be very valuable for elucidating their functions.
